B
ermudagrass [Cynodon spp. (L.) Rich.] is widely used in golf courses, athletic fields, and home lawns in the southern United States for the superior turf quality and excellent durability the species exhibits. Although the grass is considered to have excellent heat and drought tolerance, its ability to survive freezing temperatures is limited (Beard, 1973) , and bermudagrasses periodically sustain winter injury in the transition zone Richardson et al., 2014) . The development of cultivars with enhanced adaptation to freezing temperatures would constitute a significant improvement in the management of bermudagrass for the region. Bermudagrass reaches limitations of adaptation where low-temperature stress causes frequent plant mortality (Gatschet et al., 1994; Taliaferro, 1995; Anderson et al., 2007; Rutledge et al., 2009) . The loss of a turfgrass stand can produce substantial costs for reestablishment (Dunn et al., 1999; Munshaw et al., 2006) . Therefore, the development of bermudagrass cultivars with improved freeze tolerance and superior turf quality has become a goal for bermudagrass breeding programs, considering its lower tolerance to freezing temperatures compared with zoysiagrass (Zoysia spp.) (DiPaola and Beard, 1992) . Cultivar selection is considered one of the most important steps for the success of bermudagrass turf, especially in the transition zone where both cool-season grasses and warm-season grasses are not equally adept at surviving the extreme temperatures in the summer and winter months (Patton et al., 2008; Giolo et al., 2013; Rimi et al., 2013) . Bermudagrass cultivars vary in their inherent ability to tolerate extreme low temperatures (Ahring and Irving, 1969; Anderson et al., 2003; Taliaferro et al., 2004) and in coming back from dormancy in the spring (Munshaw et al., 2006) . Evidence of variation among bermudagrass cultivars can be seen in the National Turfgrass Evaluation Program. Seeded cultivars 'Yukon' and 'Riviera' and vegetatively propagated cultivars 'Midlawn' and 'Northbridge' ranked among the highest in spring green-up and lowest in percentage winterkill (NTEP, 2012) . Conversely, the seeded cultivar 'Princess 77' and the vegetatively propagated cultivar 'Tifway' were lowest in spring green-up and the highest in percentage winterkill (NTEP, 2012) .
Field and Laboratory Evaluation of
In addition to field evaluations, controlled freezing tests have been developed to separate common and hybrid bermudagrass [Cynodon dactylon (L.) Pers. ´ Cynodon transvaalensis Burtt Davy] cultivars on the basis of lethal freezing temperature for 50% mortality (LT 50 ) (Anderson et al., 1993 (Anderson et al., , 2003 (Anderson et al., , 2007 . The objective behind freezer-based screening methods is to quickly identify genotypic differences in freezing survivability in hopes to make selections that reflect or predict field-based performance. Dunn et al. (1999) , Patton and Reicher (2007) , and Hinton et al. (2012) determined a correlation between field-based winter injury and the controlled freezer-based LT 50 values in zoysiagrass. Effective identification of predictors, like LT 50 values, for field performance could result in a more efficient means for selection and cultivar development for cold hardiness in bermudagrass. Therefore, the objectives of this research were (i) to evaluate bermudagrass germplasm for cold hardiness in the field, (ii) to evaluate these materials for freezing tolerance in a controlled laboratory environment, (iii) to determine correlations between the evaluations in the field and the controlled laboratory environment, and (iv) to identify new materials, specifically from the pool of African plant introductions (PIs), to be used in the development and advancement of winter hardiness breeding populations in bermudagrass.
MATeRiAlS And MeThodS

Plant Materials
A total of 40 bermudagrass genotypes were selected for the study, including 16 African bermudagrass (C. transvaalensis) PIs from the National Plant Germplasm System (NPGS; S9 Germplasm Repository, Griffin, GA). Additionally, 11 common bermudagrass (C. dactylon) accessions obtained from NPGS (Griffin, GA), nine from the University of Georgia bermudagrass breeding program (Tifton, GA), and four commercially available controls (Tifway, Tifsport, Patriot, and Quickstand) varying in cold hardiness (Anderson et al., 2007) were included in the study (Table 1) within the canopy and soil of random plugs to record plant and soil temperatures during freezing tests. Independent experiments were conducted for the four different freezing temperatures (−4, −5, −6, and −7°C) with three individual runs of the freezing test per temperature during the winter of 2015-2016. Plants were placed in freezers, and the ambient air temperature was immediately lowered to −3°C for 18 h to allow for latent heat to dissipate from the soil. The temperature was then decreased at a rate of 1°C h −1 until reaching the target freezing temperature, which was maintained for 3 h in accordance to Kimball et al. (2017) . The temperature was then increased at a rate of 2°C h −1 until reaching 15°C. Plants were then placed back in a 27°C temperature-controlled greenhouse for evaluation.
data Analysis
Analysis of field data was performed using Proc GLM in SAS version 9.4 (SAS Institute, 2013). Given the experimental design, the entries were tested against the appropriate error term, producing an exact F test. Mean separation was performed according to Fisher's protected LSD values at a significance level of a = 0.05 to determine rankings and significance between entries.
For freezing evaluations, data were collected on a binary 0 (dead) to 1 (survival) scale and were evaluated over the course of 3 wk in order to determine the LT 50 of each genotype. These ratings were taken weekly on each plug to determine the survivability across the temperature gradient. Since some of the plugs either wilted immediately after freezing but recovered after the 3 wk, or had surviving green tissue after the freeze event but did not survive after 3 wk, the last rating date of binary values was subject to a logistic regression analysis to determine 50% surviving probability for each genotype. Evaluations for −7°C were excluded from the analysis, as no plugs survived this temperature. The LOGISTIC procedure was used in SAS 9.4 and a stepwise selection method was used to select the most parsimonious model for LT 50 values. In order to bypass problems with quasi-complete separation, in instances where quasi-complete separation was detected, values were added to classes where an event was not present in order to obtain estimates. For example, if a genotype had all plants survive at −4°C, an additional observation was included to represent concordance with a dead ("0") sample. When the convergence criteria had been met and the selection criteria had limited the model to optimize sensitivity and specificity according to the receiver operating characteristic curve, the maximum likelihood estimates for the model were output and the LT 50 values were calculated. The LT 50 calculations were based on the probability of freezing survival (P i ) using a logistic regression model:
where b 0 is the intercept, and b 1 is the estimate for the occurrence of the X 1 parameter for all estimates and parameters b k X ki based on the effects reference and selection criteria. Patriot was used as the reference in design variable coding because of its relative cold hardiness. To obtain differences among LT 50 values, odds ratio estimates were obtained for comparisons kaolinitic, thermic Typic Kanhapludults) fine sandy loamCecil (fine, kaolinitic, thermic Typic Kanhapludults) sandy loam (NRCS, 2013) . The plots were mowed at 5.1 cm using a rotary mower, and irrigation was applied to limit drought stress. Three applications of a 26-0-13 (N-P 2 O 5 -K 2 O) (Polyon, Harrell's) were applied at a N rate of 48.8 kg ha −1 in each year of the study. The plots were evaluated for spring green-up and winter survival each spring from 2011 to 2015. Spring green-up was evaluated on a 1-to-9 scale, where 1 represents no green color and 9 represents full green plots, with ratings taken at the beginning of April. Similarly, winter survival was evaluated on a 1-to-9 scale, where 1 represents complete winterkill and 9 represents full green plots with ratings taken mid-May. In the literature, this is typically reported as winterkill. In order to avoid confusion and to parallel spring green-up ratings, winterkill will be referred to as winter survival.
Controlled-environment Freeze evaluations and Field Correlations
According to the methods suggested by Anderson et al. (2007) , a Classen gear-drive sod cutter with a 45.7-cm blade (Schiller Grounds Care) was used to strip sod from each field plot in September 2015. Plugs with 2.54-cm diameter were extracted from the sod and placed in 2.54-cm cone-tainers containing sterile potting soil (Farfard Growing Mix 2, Sun Gro Horticulture). Plots were stripped to ensure a consistent soil source in each cone-tainer. Plugs were allowed to grow in the greenhouse at a stable temperature of 27°C for 6 wk. Plugs were fertilized twice in the 6-wk growth period using a water-soluble 24-8-16 (N-P 2 O 5 -K 2 O) fertilizer at a N rate of 4.9 g m −2 (Miracle-Gro All Purpose Plant Food, The Scott's Company). Plugs maintained at a 2.54-cm height were mowed weekly with handheld electric grass shears.
The number of entries from the field was reduced from 40 to 22 due to freezer capacity limitations. Two controls, Patriot and Tifway, were included and the remaining 20 entries were selected to reflect the range in cold hardiness from spring green-up and winter survival evaluations. The experimental design for the controlled freeze evaluations was a randomized complete block design consisting of three trial runs, four selected temperatures, two replications, and four cone-tainers per replication (subplots) from the selected 22 entries. Prior to the freezing evaluations, a pilot study was conducted with Patriot and Tifway only. The purpose of the pilot study was (i) to standardize the freezing protocol and (ii) to determine the temperature range for optimal LT 50 evaluations. Based on the pilot study, four temperatures (−4, −5, −6 and −7°C) were selected to provide a range of responses. The freezing protocol was done in accordance with previously conducted studies with minor modifications (Anderson et al., 1993 (Anderson et al., , 2003 (Anderson et al., , 2007 Kimball et al., 2017) . Plugs were subjected to cold acclimation at 13°C under a consistent light-emitting diode (LED) growth chamber providing a 12-h photoperiod at 300 mmol m −2 s −1 for a week and then moved to a 3°C growth chamber with a 12-h photoperiod at 300 mmol m −2 s −1 for one more week before freezing. For freezing tests, ice shavings were placed on the soil of each plug to promote freezing and avoid supercooling. Each replication was placed in individual plastic bags to minimize desiccation during freezing. Six thermocouples were placed between the test genotype and the reference genotype, Patriot, at a significance level of a = 0.05.
In order to detect a correlation between field response and freezing evaluations, spring green-up and winter survival values from the field were compared with the LT 50 values calculated from the freezer-based controlled environment tests. The analysis was done using the CORR procedure in SAS 9.4.
ReSulTS
Field Cold hardiness evaluations
The ANOVA suggests a strong year ´ genotype interaction for both spring green-up and winterkill (winter survival) ratings (Table 2) . Therefore, the results are presented for the genotypes separated by year. Additionally, evaluations taken in 2012 were not included in the results due to the high relative air temperatures and no separation in genotypes for that year (Fig. 1) . The daily low temperatures indicated that 2012-2013 recorded the warmest average temperatures, whereas 2010-2011 had the most days below freezing and 2013-2014 was the coldest on average. Furthermore, temperature effects within each year can be seen in the spring green-up and winter survival (Fig. 2) . In 2014, the coldest year, ratings for both spring green-up and winter survival were the lowest on average across genotypes. In 2013, winter survival was the highest recorded. The remaining two years (2011 and 2015) had the greatest spring green-up; however, they also had the greatest variability in winter survival among the genotypes. In addition, daily low temperatures during these 2 yr were not as consistent as in 2012-2013.
The top-performing genotypes for spring green-up across years were PI 290905, PI 647879, PI 255447, PI 289923, and PI 615161 (Fig. 2) . However, PI 647880 and 289922 had a higher winter survival than Patriot, Tifsport, and Quickstand in 2015.
Controlled-environment Freeze evaluations and Field Correlations
The data collected and analyzed for the freezing evaluations had significant Type III effects according the Wald c 2 test for the main effects of genotype and temperature; however, the interaction between them was not included in the stepwise selection. Further evaluation of the model shows high concordance and predictability of survival based on the data collected (Supplemental Table S1 ). Since Patriot had the highest reported freezing tolerance (Anderson et al., 2003 (Anderson et al., , 2007 , maximum likelihood estimates were calculated using Patriot as the reference entry for discerning differences in freezing tolerance (Table 3) . PI 212293 was 1.63 times more likely to survive than Patriot, PI 290813 was 1.47 times more likely to survive than Patriot, and PI 290872 was 1.31 times more likely to survive than Patriot, when all other genotypes were held constant (Table 3) . Using the estimates from Table 3, LT 50 values were calculated for comparison with the field-based data (Table 4) 
diSCuSSion
The strong year ´ genotype effect is emphasized by the differences seen among years in the daily low averages and days below freezing counts. Based on the winter weather information (daily low averages and days spent below freezing) and evaluations of the entries (spring green-up and winter survival data), inferences can be made regarding the type of winter in each year and the effect it had on each genotype. Given that cold hardiness in the first year of growth reflects the establishment rate of each genotype (Ahring et al., 1975; and 2011 experienced the greatest number of days below freezing, it is likely that ratings in this year are reflective of the total plot coverage prior to the winter months. Including establishment data would have confirmed this argument. In 2011-2012, plots were not subjected to a Given the variable winters experienced during the experimental period, recommendations can be made regarding cold hardiness of the entries for winters in the Raleigh area, the potential cold hardiness of entries at higher latitudes or elevations, and the reaction of entries to deacclimation events. From a plant breeding perspective, the addition of top-performing bermudagrass PIs into a program focused on cold hardiness is bolstered by the consistent ranking in both winter survival and spring green-up and their comparison with the controls. Previous work denotes a higher relative freeze tolerance of Patriot compared with Tifsport, Tifway, and Quickstand (Anderson et al., , 2003 (Anderson et al., , 2007 . Therefore, materials with consistently higher spring green-up and winter survival than the highest performing control (Patriot) would be considered relatively cold hardy.
Similar to field performance, the LT 50 values calculated for Patriot and Tifway in this study reflect those previously reported by . Correlations identified here between the field evaluations and controlled environment, although relatively low, suggest that these LT 50 values reflect cold hardiness of the genotypes in the field. There are a number of environmental factors outside of winter stress that could have resulted in these low correlations. For instance, plots were evaluated a single time for spring green-up and winterkill in late spring, but other evaluations and weather conditions like disease, moisture content, snow accumulation, and temperature fluctuations play an important role in winter survivability. Prior to this study, correlations between field and controlled freezing tests had only been recorded in zoysiagrass (Dunn et al., 1999; Patton and Reicher, 2007; Hinton et al., 2012) . Larger controlled freezing experiments and more comparisons with field-based evaluations may help elucidate the connection between variable years and weather conditions during the winter months. Mainly, having higher correlations and therefore prediction accuracy between the field and controlled freezing tests would aid in prescreening plant materials for the field and provide an economic advantage for plant breeders.
The evaluation of these genotypes shows that a number of available PIs and accessions can help to improve cold hardiness and/or freeze tolerance not only in common bermudagrass for development of seeded cultivars, but also in common ´ African interspecific hybrids for the clonally propagated market. To date, the main source of cold hardiness materials for breeding has been associated with common-type bermudagrass (Wu et al., 2014) , and the main comparisons of cold hardiness have been performed between seeded, common types, and interspecific hybrids (Anderson et al., , 2003 (Anderson et al., , 2007 . To our knowledge, this is the first study focused on levels of freeze tolerance among African bermudagrass germplasm. The ability to select freeze-tolerant materials from the African pool could greatly improve the levels of freeze tolerance among hybrid breeding populations and ultimately released cultivars.
Overall, the evaluation of the common and African bermudagrass germplasm collection indicates that genotypes exhibiting greater cold hardiness and/or freeze tolerance than industry standards exist. The genotypes that showed the greatest cold hardiness were PI 290905, PI 647879, PI 255447, PI 289922, PI 289923, and PI 615161, which had consistently greater spring green-up and winterkill ratings than Patriot, Tifsport, Quickstand, and Tifway, though not always significantly. These materials can be used as additional sources of cold hardiness in bermudagrass breeding. Furthermore, the introduction of controlled, laboratory-based freezing tests in addition to field-based evaluations would further the efficiency of selection for this trait in bermudagrass breeding.
